[1] Earth's outer electron radiation belt is a highly dynamic region, driven externally by the solar wind and controlled within the magnetosphere by numerous source and loss processes. Critical to assessing the importance of the different source and loss processes and to developing accurate physics-based models of the radiation belts is knowing phase space density and its radial gradient in terms of adiabatic invariants. In this paper, we demonstrate a new technique for determining the radial gradient of relativistic electron phase space density at geosynchronous orbit. This technique utilizes the fact that the GOES geosynchronous satellites are located at different geomagnetic latitudes because of their separation in longitude, even though both are located on the geographic equator. From simultaneous measurements at different geomagnetic latitudes, and therefore in different L shells, we are able to obtain the local radial gradient of phase space density. We have restricted these initial calculations to a single value of magnetic moment (M = 6000 MeV/G) and to equatorially mirroring particles. In order to minimize the sensitivity of our results to the magnetic field model used, we have analyzed data from a time period with quiet geomagnetic conditions, when the relativistic electron flux was elevated and steady. We find that during this time period the radial gradient of phase space density was positive. This indicates that the direction of radial diffusion was inward, transporting electrons from outside to within geosynchronous orbit.
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Introduction
[2] Fluxes of outer radiation belt electrons change dramatically over a broad range of timescales, ultimately driven by the solar wind but controlled within the magnetosphere by the action of numerous acceleration and loss mechanisms. The particle dynamics are influenced by both adiabatic and nonadiabatic processes, with nonadiabatic processes including in situ acceleration or loss as well as diffusion either into or out of the radiation belt across its inner and outer boundaries (see recent review by Friedel et al. [2002] ). Although many different processes have been shown to cause either acceleration or loss of radiation belt particles under different circumstances, there currently is not a quantitative understanding of which processes dominate under any specific conditions. Without this quantitative understanding of the competing source and loss mechanisms, accurate physics-based modeling of the time-dependent outer radiation belt is not possible.
[3] The processes that either accelerate or deplete the radiation belt electrons do not operate uniformly throughout the magnetosphere, and therefore gradients will develop in the radial distribution of electrons. These gradients could be created, for example, through enhanced wave energization or scattering into the loss cone within the radiation belts in the inner magnetosphere [e.g., Horne and Thorne, 1998; Elkington et al., 1999] or through increases or decreases in the electron phase space density in the outer magnetosphere, at the outer boundary of the trapped radiation belts [e.g., Brautigam and Albert, 2000] . Radial diffusion, which is a primary mechanism for radial transport, will then act to reduce the gradient, transporting energetic electrons from locations of high to low phase space density. Because the various source and loss processes may operate at different times and locations within or outside the radiation belts, the continuous measurement of the radial profile of phase space density would be an important indicator of which processes are acting at which times.
[4] One of the most significant impediments to identifying peaks or gradients in phase space density is that our in situ satellite measurements are not readily available in terms of the adiabatic invariants. When expressed in terms of parameters such as fixed kinetic energy that are not adiabatic invariants, the electron flux can undergo huge variability due entirely to adiabatic (i.e., reversible) processes [e.g., Brown et al., 1968; Li et al., 1997; Kim and Chan, 1997] . Only when the adiabatic behavior of the electrons is known can the important nonadiabatic source and loss processes be quantified and understood. From knowledge of phase space density in terms of the adiabatic invariants, key quantities such as its radial gradient could be calculated and analyzed.
[5] Although we have extensive data sets acquired by a large number of satellites over decades, no long-term characterization of the radiation belts in terms of adiabatic invariants exists today. Calculations of phase space density in terms of adiabatic invariants have been done on short, isolated intervals of data, in most cases concentrating on dynamic geomagnetic storm intervals [Selesnick and Blake, 1997a , 1997b Hilmer et al., 2000; McAdams et al., 2001] . Estimates of the radial gradient of phase space density have been made in two ways. One technique has been to use satellites whose orbits cross a large range of L shells, such as CRRES and Polar, to calculate phase space density for fixed values of the first two adiabatic invariants over individual orbits or consecutive orbits [e.g., Brautigam and Albert, 2000; Selesnick and Blake, 2000] . The CRRES and Polar results suggest that a peak in phase space density occurs inside geosynchronous orbit associated with radiation belt enhancements, but phase space density generally increases with increasing radial distance from inside to outside geosynchronous orbit during quiet times. These studies have highlighted the large uncertainty in calculations of phase space density in terms of adiabatic invariants and the ambiguity of the location of its peak due to uncertainties in the global field model and the details of the electron distribution function.
[6] The other technique for estimating the radial profile of phase space density utilizes simultaneous measurements from satellites widely separated in radial distance, such as GPS measurements at L = 4.2 and geosynchronous measurements at L = 6.6 [e.g., Hilmer et al., 2000; McAdams et al., 2001] . Through the GPS and Los Alamos National Laboratory comparisons, phase space density has been consistently found to be higher at L = 6.6 than at L = 4.2; however, measurement of the local gradient at geosynchronous orbit or additional observations inside or outside geosynchronous orbit would be required to further constrain the location of a peak in phase space density.
[7] In this paper, we present a new technique for calculating the radial gradient of phase space density at the location of geostationary orbit. The gradient of phase space density is estimated from simultaneous measurements at two longitudinally separated satellites, GOES 8 and GOES 9. At their nominal operational locations the two GOES satellites have a local time separation of 4 hours. The technique we use takes advantage of the fact that the tilt of Earth's dipole magnetic field is directed more toward one spacecraft (GOES 8) than the other (GOES 9). The two spacecraft therefore simultaneously measure the particle flux in two different L shells.
[8] These two-point measurements allow us to estimate phase space density and its local radial gradient. The calculations depend on a number of factors that we address, including the intercalibration of the detectors on the two GOES spacecraft, the accuracy of the magnetic field models used to calculate L values (proportional to the third adiabatic invariant), and assumptions about the pitch angle distributions and the form of the energy spectra. The results of this analysis indicate a positive radial gradient at geostationary orbit.
Observations
[9] The electron data used in this study were obtained from the energetic particle sensors on board the GOES 8 and GOES 9 spacecraft [Onsager et al., 1996] . The GOES spacecraft are three-axis stabilized, and the electron sensors have large fields of view (approximately ±30°in azimuth and ±45°in elevation) pointed westward. These detectors measure the directional, integral flux of electrons at energies greater than 2 MeV. The data used in this study have 5-min resolution. The GOES satellites are in circular, geosynchronous orbit in the geographic equatorial plane, with an orbital radius of about 6.6 Earth radii (R E ). Over the time period of interest in this study, GOES 8 was located at 75°west longitude. GOES 9 was located at 90°west longitude prior to December 1995 and at 135°west longitude after January 1996.
[10] Measurements of the upstream solar wind conditions were made by the Solar Wind Experiment (SWE) [Ogilvie et al., 1995] and the Magnetic Field Investigation (MFI) [Lepping et al., 1995] on the Wind spacecraft. During February 1996, the principal time period of interest in this paper, Wind was located about 150 R E upstream from Earth and about 40 R E off the Earth-Sun line.
[11] Measurements of the >2 MeV electron flux at geostationary orbit and the solar wind parameters on 1 -8 February 1996 are shown in Figure 1 . Figure 1a Figure 1g contains the Dst index, courtesy of the World Data Center, Kyoto, Japan. Note that the solar wind data shown in Figure 1 have not been shifted in time to account for the transit time of the solar wind from Wind to Earth; however, these data have been appropriately time shifted for the calculations of L shells described in section 3.
[12] Over this 7-day period, geomagnetic activity was low (jDstj < 20 nT and Kp ranged from 0 to 3+). Note that time periods of low Kp have been associated with low electric fields [Rowland and Wygant, 1998 ], which would be expected to result in a low rate of radial diffusion. The electron flux was moderately high, with some periods of relatively little variability, other than the normal diurnal variation (3 -6 February), and some instances of fairly abrupt changes in the flux levels (e.g., 2 and 7 February). The solar wind speed peaked near 525 km/s on 2 February and then gradually decreased to about 400 km/s by the beginning of 4 February. During the remainder of this time period the solar wind speed remained near 400 km/s. The IMF components were small and variable, with B z remaining mostly between +4 and À4 nT.
[13] An obvious feature of the electron flux at geostationary orbit is the consistent diurnal variation, with higher fluxes observed near noon and lower fluxes observed near midnight. This variation in the fluxes is due to the local time asymmetry of the magnetic field and the fact that in the outer magnetosphere, particle flux at constant energy decreases with increasing distance from Earth. Other noticeable features in the electron data are that the fluxes measured by GOES 9 (Figure 1a , dashed curve) appear to be offset in time relative to GOES 8 and have consistently higher values.
[14] The difference in flux levels at the two spacecraft is due to their separation in geographic longitude. Diagrams illustrating the locations of GOES 8 and 9 are shown in [15] The local time separation of the GOES spacecraft has two effects. First, because GOES 9 lags GOES 8 in its orbit, it observes the spatial, diurnal variation in the particle flux with an offset corresponding to the separation in local time. Another important difference in the measured fluxes occurs because the spacecraft are located at different geomagnetic latitudes. Although both spacecraft are located at the geographic equator, Earth's magnetic dipole is tilted toward the geographic equator in approximately the longitude of GOES 8. As a result of the dipole tilt, GOES 8 is at a geomagnetic latitude of about 11°. The dipole tilt has a much smaller effect on the geomagnetic latitude of GOES 9, which is about 4°. Because GOES 8 and 9 are located at different geomagnetic latitudes, they will, under most circumstances, be measuring particles in different L shells.
[16] To establish that the electron detectors are accurately intercalibrated and that the flux difference is in fact due to the longitudinal separation of the spacecraft, we have analyzed data from time intervals when GOES 9 was located close to GOES 8, prior to arriving at its operational location. Shortly after launch in May 1995, GOES 9 was located at about 90°west longitude, about 1 hour in local time from GOES 8. It remained there until December 1995, when it was moved to 135°west longitude.
[17] A comparison of flux measurements from these times with different longitudinal separations is shown in Figure 3 , which contains scatterplots of the >2 MeV integral flux measured at GOES 8 versus the flux measured at GOES 9. The measurements in Figure 3a are from the 3-day period from 3 -5 February 1996 (from the middle of the interval shown in Figure 1 ). The GOES 9 measurements have been shifted 4 hours earlier in time so that each point represents the flux measured at the same local time by the two spacecraft. No adjustments have been made to the flux values; this only compares the fluxes measured at the same geographic locations. Some scatter occurs because of the temporal variations in the flux over the 4 hours between the GOES 8 and 9 measurements.
[18] It is clear in Figure 3a that there is an offset in the measurements, with GOES 9 (at a lower geomagnetic latitude) measuring higher fluxes than GOES 8. This is consistent with the fact that at constant energy, radiation belt flux in the vicinity of geostationary orbit decreases with increasing L value. . GOES 8 and GOES 9, located at 11°and 4°g eomagnetic latitude, respectively, are shown (left) on a coplanar display of their field lines and (right) at their locations in the geographic equatorial plane. Note that although the east and west GOES satellites are both located in the geographic equatorial plane, the tilted magnetic dipole of Earth, which lies nearly in the longitude of GOES 8, results in a geomagnetic latitude difference between the two satellites.
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ONSAGER ET AL.: RADIAL GRADIENT OF RELATIVISTIC ELECTRONS [19] Measurements made when the two spacecraft were at nearly equal geomagnetic latitudes are shown in Figure 3b . These data were obtained over the 3-day period from 3 -5 July 1995, when GOES 9 was located 1 hour to the west of GOES 8. At this longitude the geomagnetic latitude of GOES 9 was about 10.5°, within about 0.5°of the latitude of GOES 8. For this plot the GOES 9 data were shifted in time by one hour so that the values represent the flux measured at the same local time.
[20] The close agreement between the GOES 8 and 9 measurements when the two spacecraft were at nearly equal geomagnetic latitudes indicates that the electron detectors are well intercalibrated and that the systematic difference seen in Figure 3a is due mainly to the geomagnetic latitude difference. Another factor that could contribute to the difference in flux measured at GOES 8 and 9 is the slightly different inclination of the magnetic field at the two spacecraft and any anisotropy in the pitch angle distributions. This, however, is not likely to cause a large effect, given the broad field of view of the detectors and their azimuthal look direction. Since the magnetic field inclination at geostationary orbit is primarily either toward or away from Earth, the westward pointing detectors will always measure a broad range of pitch angles, including 90°, even in the extreme cases of purely vertical or purely horizontal fields.
Calculating Phase Space Density and Its Radial Gradient
[21] The GOES satellites, with their well intercalibrated detectors and their simultaneous measurements in slightly separated L shells, provide measurements that can be used to estimate the radial gradient of phase space density, i.e., the particle density in six-dimensional configuration and momentum space. The radial gradient, or @f/@L, is estimated by calculating phase space density at fixed values of the invariant quantities, M and K, and then comparing these values at different locations in L. We have used the notation of Roederer [1970] , where M refers to the magnetic moment or the first adiabatic invariant, K is proportional to the second adiabatic invariant, and L* (which we refer to throughout as L) is proportional to the third adiabatic invariant.
[22] Two main assumptions are made to allow the calculation of phase space density at fixed M and K from the measured integral fluxes at fixed energies. The first assumption is that electron phase space density can be approximated with an exponential distribution
which is related to the differential directional number flux, j(E), and the particle momentum, p, where p 2 c 2 = E 2 + 2mc 2 E and m is the particle rest mass, by
As demonstrated by studies of electron spectra at geosynchronous orbit, the phase space density distributions can be well represented with an exponential distribution [e.g., Cayton et al., 1989] . The integral flux, which is the quantity measured by GOES, is related to the differential flux by
With the assumed functional form of phase space density (equation (1)), we can integrate equation (4) directly and solve for f(E) in terms of the measured integral flux, J(>E):
This equation gives the phase space density at the energy of the integral flux measurement. Phase space density at other energies can then be calculated using equation (1). The second main assumption used in this analysis is that the pitch angle distribution at the equator can be described by
where a denotes the particle pitch angle. This functional form can account for distributions ranging from isotropic (m = 0) to highly peaked near 90°(large m values), but it cannot reproduce accurately the more complex distributions, such as the butterfly distributions, that are often observed [e.g., West et al., 1973a West et al., , 1973b Horne et al., 2003] . The phase space density at a given pitch angle and energy at any latitude, l, along a field line is equal to the phase space density at the same energy and its corresponding pitch angle (assuming conservation of the first adiabatic invariant) at the equator (from Liouville's theorem): The assumption of conservation of the first adiabatic invariant, M, which is defined as
leads to the relationship between the equatorial pitch angle and the pitch angle at latitude l along the field line,
so that
Therefore the pitch angle dependence will have the same functional form everywhere along the field line. The peak amplitude of the phase space density (at local 90°pitch angle) at latitude l on the field line will be related to the peak amplitude at the equator by
Combining equations (5) and (11), we obtain the phase space density at 90°pitch angle at the magnetic equator as a function of the measured integral flux at latitude l at 90°p itch angle,
Assuming that the GOES detectors' wide-aperture measurements are representative of the local 90°pitch angle flux (at latitude l), we use equation (12) with the measured electron flux to calculate phase space density for equatorially mirroring particles (K = 0). We have considered a magnetic moment of 6000 MeV/G, which corresponds roughly to 2 MeV electrons in a 100 nT magnetic field, which is a typical field strength at geosynchronous orbit. The phase space density is first determined for 2-MeV particles from the measured integral flux and then is calculated for the appropriate energy for the selected value of M using equation (1).
[23] A magnetic field model is used to calculate the ratio of the local and equatorial fields used in equation (12) and the L* parameter [Roederer, 1970] , which is related to the third adiabatic invariant,
where k 0 is the magnetic dipole moment of Earth, a is the radius of Earth, and F is the magnetic flux enclosed in the particle drift and the third adiabatic invariant. [24] The results of the L shell calculations for the two spacecraft and the energy of the particles corresponding to M = 6000 MeV/G are shown in Figure 4 . Figure 4a contains the measured >2 MeV electron flux, which is also shown in Figure 1 . Figure 4b contains the calculated L values (using the Tsyganenko 2001 model), and Figure 4c contains the particle energies, which vary to maintain constant magnetic moment as the magnetic field varies. In Figures 4a -4c the GOES 8 values are shown with a solid line, and the GOES 9 values are shown with a dashed line. As seen in Figure 4c , the choice of M = 6000 MeV/G insures that the energies used in our analysis are near the measured energy, which minimizes the dependence of our results on E 0 (through equation (1)). Figure 4d contains the difference in the L values at the two spacecraft, DL = L 9 À L 8 . The occasional gaps in the L calculations result from conditions when the full drift trajectories could not be calculated with the field model.
[25] Note that although GOES 8 is always at a higher geomagnetic latitude than GOES 9, GOES 8 is sometimes at lower L shells. This is due to the asymmetric magnetic field, which is more compressed (resulting in lower L shells) near noon than near midnight. Consequently, in the dawn magnetosphere the increased compression in the magnetic field ONSAGER ET AL.: RADIAL GRADIENT OF RELATIVISTIC ELECTRONS experienced by GOES 8 relative to GOES 9, as GOES 8 leads in local time by 4 hours, causes the GOES 8 L shells in this region to be lower than those of GOES 9. There are two times each day when the satellites are on the same L shell, one between midnight and dawn and one near noon.
[26] The measurements made by the two satellites in the same L shell twice per day give us the opportunity to test our assumptions about the particle distributions. As outlined above, the two parameters that need to be estimated to calculate phase space density from the measured integral fluxes are the index, m, in the pitch angle distribution (equation (10)) and the characteristic energy, E 0 , in the energy distribution (equation (1)). The pitch angle index is estimated by considering the measurements at the locations where the two spacecraft are simultaneously in the same L shell. At these locations the calculated equatorial phase space density should be equal.
[27] For the example presented here, we have only considered equatorially mirroring electrons (K = 0). Times when the L values at the two spacecraft are equal correspond to times when the equatorial magnetic field strengths are equal. At these times the energies of the particles being considered are also equal, for a fixed magnetic moment. The ratio of the phase space densities at these locations reduces to
Therefore, from the measured integral flux and the local magnetic field, equation (14) can be used to estimate the pitch angle index in the vicinity of the L shell crossings.
[28] Calculations of phase space density gradient in the vicinity of the L shell crossing (DL = 0) that occurred at 0930 UT on 4 February are shown in Figure 5 . Figure 5 (left) contains the dependence of the normalized difference in phase space density at the two spacecraft, Df/f = ( f 9 À f 8 )/f 9 , on the assumed value of m. This analysis indicates that phase space density is equal at the L shell crossing when a weak pitch angle dependence is assumed (m $ 0.25). At this time (0930 UT), GOES 8 was located at 0430 LT, and GOES 9 was located at 0030 LT. At this location a relatively flat pitch angle dependence is reasonable, given that the electron distributions can range from being highly peaked at 90°n ear local noon (large values of m) to having a local minimum at 90°near midnight [e.g., West et al., 1973a West et al., , 1973b Selesnick and Blake, 2002] and therefore could be fairly isotropic near dawn.
[29] Calculations of the normalized difference in phase space density versus the difference in L shell, DL = L 9 À L 8 , in the vicinity of this L shell crossing are shown in Figure 5 (middle), where we have used m = 0.25 for the pitch angle distribution. These results are from the time interval 0800-1100 UT, a 3-hour interval centered on the L shell crossing. The values of Df /f and DL shown in Figure 5 indicate that phase space density had a positive radial gradient (@f /@L > 0) at this time. On either side of the L shell crossing the spacecraft at the larger L measured a larger phase space density. The magnitude of (1/f )(@f /@L) is estimated by the slope of the least squares fit to the calculations, indicated with the solid line in Figure 5 (middle). For E 0 = 250 keV (used for the calculations shown in Figure 5 (middle)) the slope is approximately 1.3. The dependence of (1/f )(@f /@L) on the characteristic energy, E 0 , is shown in Figure 5 (right). It is found that the value of (1/f )(@f /@L) is maximum and positive for low values of E 0 and decreases as E 0 increases. Over the full range of expected E 0 values [e.g., Cayton et al., 1989; McAdams et al., 2001] , @f/@L remains positive in the vicinity of this L shell crossing.
[30] The calculated values of phase space density and its gradient for the 3-hour interval surrounding the L shell crossing at 0930 UT are shown in Figure 6 . For these calculations we have used the parameters m = 0.25 and E 0 = 250 keV. Aside from the large fluctuations in the immediate vicinity of the L shell crossing, where DL $ 0, (1/f )(@f /@L) was positive and relatively constant with values slightly larger than unity throughout the entire 3-hour period.
[31] Because of the dependence of the calculated L values on the magnetic field model, it is important to investigate the sensitivity of our results to the field model used. The Figure 7 , in the same format as Figure 6 . For these calculations we have used the same parameters for the pitch angle index and characteristic energy, m = 0.25 and E 0 = 250 keV, as used for the calculations shown in Figure  6 . As seen in Figures 6 and 7 , the two magnetic field models give similar results, with essentially the same values of phase space density and its gradient. One subtle difference is the location of the L shell crossing, which occurred at about 0905 UT using the Tsyganenko 1989 model, about 25 min earlier than was obtained with the Tsyganenko 2001 model. With both field models, phase space density has a positive radial gradient, with (1/f )(@f/@L) slightly above unity over this 3-hour period.
[32] Our calculated values for phase space density are also affected by uncertainty in the magnetic field model through the use of equation (12). We can estimate the magnitude of this uncertainty in phase space density by considering the difference between the model and the measured fields at the spacecraft and then assuming a comparable error at the equator. Over the 3-hour interval shown in Figure 6 , the model magnetic field magnitude differed from the measured field by 1 -6%. The effect of this uncertainty is controlled to a large extent by the exponent of the magnetic field ratio in equation (12). With the value m = 0.25 used for this case, even an uncertainty in the magnetic field ratio of 10% would lead to only a 1% error in the calculation of phase space density. This uncertainty is well below the roughly 30% difference in the calculated values of phase space density at the beginning and end of the interval shown in Figure 6 . Larger uncertainty would be expected for larger values of m, the pitch angle exponent.
[33] Although the model field differed by up to 6% from the measured field at each satellite, the field at both satellites differed from the model by nearly the same amount at any given time. Therefore the uncertainty in the difference in phase space density at the two satellites should be less than the uncertainty at each individual satellite. Also, it is expected that the difference between the measured and the model fields would be much greater during more dynamic geomagnetic conditions. This is one important limitation on the use of this technique during geomagnetic storms or other disturbed times.
[34] Finally, we have performed a similar analysis of the pitch angle index, m, for all of the times when the two satellites were in the same L shell during the 3-day period, 3-6 February 1996. We find that the required values of the pitch angle index to insure equal phase space density at the nightside L shell crossings (equation (14)) range from around 0.25 to roughly 3. The L shell crossings that occurred near noon require much higher values of m, ranging from 10 to 20. Although it is not clear how accurate this technique is for determining the pitch angle index given the other uncertainties involved in these calculations, this result is consistent with observations of pitch angle distributions that are highly peaked at 90°near local noon. It is likely that the use of a single sine function, equation (6), would not yield accurate fits to the pitch angle distributions ONSAGER ET AL.: RADIAL GRADIENT OF RELATIVISTIC ELECTRONS at some times, and therefore a more comprehensive characterization of the pitch angle distributions would be useful for future applications of this technique.
[35] The calculation of phase space density and its gradient over this full 3-day period is shown in Figure 8 , in the same format as Figures 6 and 7. For these calculations we have used the Tsyganenko 2001 field model and assumed a pitch angle index of 2 and a characteristic energy of 250 keV. Although our results indicate that the pitch angle index should vary strongly with local time, in the absence of independent measurements of the pitch angle distribution we have chosen a value that is intermediate between the highest and lowest expected values. As seen in Figure 8d , (1/f )(@f /@L) is generally positive. Extreme positive and negative values occur where DL approaches zero without Df simultaneously approaching zero. Knowledge of the actual pitch angle index and its variation with local time would be required to obtain more accurate estimates of the gradient of phase space density over these longer time intervals.
[36] It is also evident from Figure 8a that phase space density at each individual satellite has a diurnal variation, with higher values of phase space density in the nightside, where L values are higher, and lower values on the dayside, where L values are lower. This provides additional confirmation that over this 3-day period, @f /@L was positive. This result is seen both in the individual satellites' measurements as they move to different L values during their orbit and in the calculations utilizing simultaneous measurements from the two satellites.
Discussion
[37] A key issue in understanding the dynamics of the radiation belts is identifying the specific particle energization and loss mechanisms. At the present time a major unresolved question is whether the radiation belt electrons are accelerated in the plasma sheet and then diffuse radially inward or if the acceleration occurs within the region of trapped electrons from a lower-energy in situ population. Because the radial gradient of phase space density determines the direction of radial diffusion, an estimate of the sign of the gradient would help to locate the source of relativistic electrons.
[38] The analysis presented in this paper has focused on establishing a new technique for using multispacecraft measurements at geostationary orbit to estimate the local gradient of phase space density, from which different theories of particle acceleration and loss may be tested. Previous techniques have used simultaneous data from spacecraft in fairly largely separated L shells [e.g., Hilmer et al., 2000; McAdams et al., 2001] or have used single spacecraft measurements along trajectories that cover a large range of L shells [e.g., Brautigam and Albert, 2000; Selesnick and Blake, 2000] . The technique that we describe here is complementary to these other approaches in that it gives a measure of the local gradient from spacecraft that are continuously present at geostationary orbit.
[39] The technique we have used relies on the fact that spacecraft at different local times in geosynchronous orbit are located at slightly different geomagnetic latitudes, even though they are both in the geographic equatorial plane. Two geosynchronous spacecraft separated in local time therefore simultaneously sample the electron populations in slightly different L shells. Because GOES 8 is located nearly in the geographic meridian that contains the tilted magnetic dipole of Earth, it has a relatively high geomagnetic latitude. GOES 9, which is located 60°to the west of GOES 8, has a considerably lower geomagnetic latitude. Both spacecraft are still fairly close to the geomagnetic equator, so the magnetic field model extrapolation from the spacecraft to the equator is modest.
[40]
The results presented here demonstrate that the wellintercalibrated electron detectors on the GOES satellites can be used to calculate the local radial gradient of phase space density at geosynchronous orbit. The time period we have investigated here is one for which the elevated electron flux remained steady for 3 -4 days while geomagnetic activity was low. During this time period, phase space density was found to have a positive radial gradient. This was seen both in the simultaneous measurements from the two spacecraft and in the diurnal variability of the measurements at each individual satellite.
[41] The two most important unknown quantities with the GOES electron flux measurements are the pitch angle distribution and the energy spectrum, both of which affect the calculation of phase space density. We have assumed a sin m a pitch angle distribution and a particle distribution function that is exponential in energy, f(E) $ exp(ÀE/E 0 ). At the locations where both spacecraft are simultaneously in the same L shell because of the local time asymmetry of the magnetic field, the calculated phase space density, which is expected to be equal at the two spacecraft, depends only on the measured integral electron flux, the local magnetic field, and the index, m, of the pitch angle distribution. From the measured particle flux and the model magnetic field we are able to estimate the pitch angle index required to equate the calculated phase space densities at these locations. We find that the pitch angle distributions tend to be more nearly isotropic near local midnight and highly peaked at 90°near local noon, consistent with observed pitch angle distributions [West et al., 1973a [West et al., , 1973b Selesnick and Blake, 2002] .
[42] Using the pitch angle index estimates obtained from the flux measurements at the location when the two spacecraft are in the same L shell, we then calculate phase space density with assumed values of the characteristic energy, E 0 . Because E 0 is not accurately measured by the GOES spacecraft, we have used a range of values based on previously measured electron spectra at geostationary orbit. This approach has allowed us to investigate the sensitivity of the calculations to the characteristics of the electron distribution function. We find that as E 0 increases, @f /@L decreases, but @f/@L remains positive over the range of E 0 values expected at geosynchronous orbit.
[43] For the initial application of this technique we have chosen to investigate time periods with high flux levels and quiet, steady geomagnetic conditions. Although an important focus of future research will be on applying this technique to time periods with dramatic increases and decreases in radiation belt fluxes, the emphasis here has been to establish this new technique and to explore its strengths and limitations.
[44] The radial gradient of phase space density during this geomagnetically quiet time period was observed to be positive (higher phase space density at higher L shells). This result is consistent with previous determinations of the direction of the gradient during quiet times. The most significant aspect of our results is the demonstration that simultaneous measurements at different longitudes in geosynchronous orbit can be used to infer the radial gradient of phase space density. Given sufficient accuracy of the magnetic field model and the measured electron flux spectra, this technique can provide nearly continuous estimates of phase space density and its gradient, extending over a solar cycle in the past and continuing indefinitely into the future. Future effort will be devoted to analyzing the variability of the gradient of phase space density during geomagnetic activity to constrain the location of source and loss processes at these dynamic times. Measurements obtained from a larger number of satellites throughout the radiation belts, including the Living With a Star storm probes, will also provide important constraints.
